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Abstract 
The project sought to construct lower-limb supports to guide the legs in sagittal plane motion during 
elliptical stepping exercise for individuals with spinal paralysis. Design Criteria were formulated to 
guide the construction process by defining requirements and limitations. The dimensions of the design 
were determined according to literature and experimental data. Material selection was based on 
weight, strength, and other mechanical properties, as well as ease of manufacturing. The geometry 
was used to optimise strength and weight of the selected materials. Finite element analysis was 
carried out using Solidworks to optimise geometry and material design. Once all aspects of the 
designs are determined a prototype will be built, tested and evaluated for further improvement. The 
lower limb support for paraplegics on elliptical stepping bike should be able to carry out their exercise 
without spurious movements compromising their exercise. 
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1. Introduction 
Elliptical stepping exercise closely resembles the movement of walking rather than cycling. It provides 
a greater ankle range of motion compared to a regular cyclic bike.  For the equipment to be used by 
paraplegics it requires lower limb supports that can accommodate the required range of motion at the 
ankle. The paraplegic patient produces such movement via Functional Electrical Stimulation (FES). 
During the exercise FES is used to evoke muscle contractions of quadriceps, gluteus and hamstrings 
hence the legs do not have total control over the movement. To account for lack of control the design 
needs to provide a secure firm fixation of the legs without compromising safety and other hazardous 
outcome. The dimensions, geometry and materials for the design are crucial to produce the support. 
The dimensions of the design were determined to provide sufficient support for a range of sizes. The 
geometry of the design also determines the maximum stress imposed on the components and hence 
by manipulating geometry of components the design can be optimized. The geometry can be 
optimized using theoretical equations and Finite Element Analysis (FEA). FEA was also used to 
provide numerical comparison between the materials during material selection process. The material 
choices were made by comparing its mechanical properties, cost and manufacturability.  
2.1 Design Criteria 
 
Several design criteria (DC) were developed during the formulation of this project. 
 
DC 1  Convenience and accessibility  
Due to the lack of mobility of individuals with SCI the design needs to consider easy accessibility. The 
individual should be able to access the equipment without too much complication with least amount of 
movement and adjustment for the patient to eliminate any potentials of bumping or damage to the 
body as SCI patients are more susceptible to tissue damage [1]. 
 
DC 2  Support and Strength 
The device should be able to support the entire weight of the leg. There is only limited number of FES 
stimulation channels (there are only six channels hence only applied to three pairs of muscles), which 
means only limited muscle will be activated to generate control and movement. The legs will have 
tendency to abduct outward during the exercise. The device should be able to support the legs such 
that only desired motions are produced whilst supporting required weight. Mean Body Mass Index 
(BMI) of spinal cord injury (SCI) patients ranges from 20-27 [2] and the measurements taken from the 
dexascan also lies within this range. These data were used to set the required strength of the device. 
The device should be able to support a maximum load of 85Newtons. 
 
DC 3  Cushioning and Comfort 
The SCI patients have lack of sensation, hence they will not be able feel any discomfort of 
overwhelming pressure. If the device were to create any discomfort or pressure zone, this may 
contribute to autonomic dysflexia and patients heart condition [1]. Also due to poor skin blood flow SCI 
patients are inclined to pressure sores, ulcers and thrombosis, as well as highly susceptible to skin 
damage and slow recovery [1].This means that the device should provide sufficient cushioning and 
comfort eliminating any tight pressure zones and awkward positioning. 
 
DC 4  Range of movement and Fixation 
The design should be able to produce desired movement and eliminate any other spurious 
movements. Hence the limbs should be firmly secured into a position without any pressure zones and 
discomfort. There should only be movements in the sagittal plane producing only plantar flexion and 
dorsi flexion without inversion-eversion or rotational movement. The device should allow maximum 
angle of 120-130 degrees for ankle and 170-180 degrees for knees to move.  
 
DC 5 Manufacture Ability  
All components of the device should be able to be manufactured within reasonable time and cost-
effectiveness criteria.    
DC 6  Spring Back System 
Sufficient spring back capability is required to accommodate plantar and dorxi-flex motion. The spring 
needs to provide enough resistance for the calf muscle to be stimulated to induce the motion. 
 
DC 7  Adjustable 
The device should be able to accommodate various sizes of individuals so that it may be used for wide 
range of patients.  
 
DC 8  Weight 
The least possible weight is preferred since weight of the device will interfere with acceleration of the 
motion, which may result in undesired movement and effect on the patient. 
 
DC 9  Durability  
The device should be durable and should not require constant replacements or maintenance. 
 
DC 10  Simplicity  
The device should be simple and user frie ndly. It should not be designed to operate with least number 
of moving parts so as to minimize unnecessary complications of the device and maintenance 
problems. 
 
2.2. Design Outcome  
  
Fig 1 The final design 
Straps and cushioning will be added onto the device to firmly fix the legs in place. 
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2.2.1 Calf Support  
The Dimensions of the Calf Support were determined from literature measurement. Large contact 
surface is required to reducing high the pressure points and firm secure fixation; 
 
Fig 2 Calf Support 
The dimensions were determined to suit the range of sizes. The height of the calf support was 
determined from the mean value of dexascan data. The calf support should not reach as far as the 
users ankle since it may result in undesired motion at the ankle, but it should be big enough to provide 
a generous area of support so as to minimize stress concentration on the user. The radius was set 
from literature data of for able-bodied subjects [3]. Since SCI patients have under developed lower 
limbs compared to the able-bodied [4], this dimension will be suitable for most spinal cord injured 
individuals.  
 
To eliminate as many pressure points as possible, a tap was created at the attachment site to create 
smooth surfaces without any protruding points. (DC3)  
 
Fig 3. Calf Guide Attachment site 
Further cushioning will be added to the support to maximize comfort and minimize pressure points. 
The cushioning will also provide firm fitting without compromising any discomfort. (DC 3, 4) Each 
cushioning has Velcro attachments where the one side of the cushioning is covered in Felt material 
and the back has Velcro, this allows for adjusting depending on the individual size by adding in extra 
cushioning (DC 7).  
Fibre glass reinforced composite (FGRC) was chosen for the Calf Support since it has much better 
strength to weight ratio than metal (DC 2, 8), cost effective[5] and there is no difficulty in 
manufacturability since hand lay-up is a simple process (DC 5).  
 
2.2.2 Shaft 
The geometry of the shaft was chosen depending on the maximum stress induced from the bending 
moment which would be created by the weight of the leg. Circular and square shapes were 
investigated. The stress caused in the shaft due to bending moment is defined; 
I
yM
-=s            (1) 
Where M is the moment caused due to the force, y is the point in effect from the neutral axis of the 
shaft and I is the second moment of inertia. Hence to minimi ze the stress requires larger area of inertia. 
Circular shape second moment of inertia is defined by; 
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Where R is the radius of the circle. 
Square moment of inertia is defined by; 
 
12
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Where x is the side of the square.  
After a simple algebra it can be seen that for R=x, the second moment of inertia of the square is much 
less than the circular second moment of inertia, hence a square shaft was chosen over a circular shaft, 
since for the circular shaft to have same effect as the square shaft it would require a bigger radius, 
which means more material, and thus a heavier component. 
 
Data produced from FEA taken using SolidWorks CosMos; 
 
Material 
Dimension 
(mm) 
Thickness 
(mm) 
Weight (g) 
Factor of 
Safety 
1 Plain Carbon Steel 15x15 2 298.92 1.5 
2 Aluminum 6061 30x30 2 223.35 1.3 
3 Aluminum 6061 20x20 3 203.16 0.83 
4 Aluminum 6061 25x25 3 263.10 1.3 
Table 1. FEA Results 
 
A Factor of Safety of at least 1.5 is desired since the failure of the device may result in traumatic 
damage to the user hence the steel was the best option. For aluminum to achieve factor of safety of 
1.5 it requires bigger volume and would not have significant weight advantage. 
 
The shaft was designed into two components. This was to provide unlimited adjustment for the user 
depending on the length of their legs (DC 7) and also the two components are totally detachable 
hence the user can place their leg first before the calf support is added on. This detachable function 
will prevent any obstruction in the process of mounting their legs into the pedal (DC 1) without 
compromising the required support to prevent the outward movement at the knee (DC 4). 
 
Fig 4. Two shaft component 
 
3 Conclusion and future direction 
When designing for spinal cord injured individuals one needs to consider the chronic conditions of 
spinal cord injury. By formulating design criteria, the parameters for the design can be clearly seen and 
hence an optimal design can be produced. By using finite element analysis and literature optimal 
dimensions , geometry and materials were selected. A further improvement of the design can be 
achieved by producing a prototype and evaluating its performance. 
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